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Background: Antimicrobial peptides are new antibiotics avoiding resistance problems.
Results: Eurocin is a new antimicrobial peptide featuring a cysteine-stabilized ��-fold. Eurocin binds the cell wall precursor
lipid II but does not disrupt cell membranes.
Conclusion: Eurocin acts by inhibiting cell wall synthesis. Its structure is typical for invertebrate defensins.
Significance: Knowing the mode of action and structure is a prerequisite for pharmaceutical application of an antibiotic.

Antimicrobial peptides are a new class of antibiotics that are
promising for pharmaceutical applications because they have
retained efficacy throughout evolution. One class of antimicro-
bial peptides are the defensins, which have been found in differ-
ent species. Here we describe a new fungal defensin, eurocin.
Eurocin acts against a range of Gram-positive human pathogens
but not against Gram-negative bacteria. Eurocin consists of 42
amino acids, forming a cysteine-stabilized �/�-fold. The ther-
mal denaturation data point shows the disulfide bridges being
responsible for the stability of the fold. Eurocin does not form
pores in cell membranes at physiologically relevant concentra-
tions; it does, however, lead to limited leakage of a fluorophore
from small unilamellar vesicles. Eurocin interacts with deter-
gent micelles, and it inhibits the synthesis of cell walls by bind-
ing equimolarly to the cell wall precursor lipid II.

Throughout evolution antimicrobial peptides (AMP)4 are
found to be an important defensive weapon in virtually all mul-
ticellular organisms (1). AMPs have been recognized as an
important part of the innate immune system and have
remained effective against bacterial, fungal, and viral infections

to this day (2). Today antimicrobial peptides are of great inter-
est in medicine as these peptides have bactericidal effects and
are active against a broad range of pathogens. The sustained
effectiveness throughout evolution suggests that antimicrobial
peptides limit the opportunity for the development of bacterial
resistance and that they could be the means to overcome the
increasing problemwith bacterial resistance to commonly used
antibiotics (3, 4).
AMPs show enormous sequence diversity, and also different

classes of structures of AMPs are known. A large group of
AMPs have an amphipathic structure and are cationic due to a
high content of arginine and lysine residues. The positive
charge promotes the binding to membranes of microbes that
are generally negatively charged (3). AMPs have been loosely
classified into four classes according to their sequence and
structure. These are: amphipathic �-helices, loops due to a sin-
gle disulfide bond, extended molecules, and �-sheet molecules
stabilized by two or more disulfide bonds (3).
Two predominant classes of AMPs in vertebrates are

cathelicidins and defensins, both containing three conserved
disulfide bonds. Cathelicidins are characterized by a highly
conserved signal sequence and pro-regions, whereas the
C-terminal domain, encoding the mature peptide, displays
much diversity in sequence and structure (5). Defensins are
characterized by a �-sheet-rich fold stabilized by three con-
served intramolecular cysteine disulfide bridges (6). Defensins
are divided into �-, �-, and �-defensins. �- and �-defensins
differ in peptide length and the pairing of cysteines in disulfide
bonds. The �-defensin is a circular peptide isolated from rhesus
monkeys (7, 8).
Defensin-like peptides from higher plants and insects have a

�-defensin like structure (2, 9). Several defensins have been
isolated, and surprisingly, defensins fromclosely related species
show less homology than defensins from species of different
phyla (10). Many invertebrate (11) and fungal (12) defensins
have a cysteine-stabilized �-helix/�-sheet structure similar to
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the structure of �-defensins from vertebrates. Among others,
structures have been solved for Phormia defensin (13), Sar-
cophaga defensin (14), drosomycin (15), heliomycin (16), terra-
mycin (17), MGD-1 (18), lucifensin (19), and plectasin (20).
They all form an �-helix and two anti-parallel �-strands (���-
scaffold) with the �-helix stabilized by two disulfide bridges to
one strand of the �-sheet. Drosomycin and heliomycin are fur-
ther characterized by an additional N-terminal �-strand
(����-scaffold) identical to the scaffold of some antifungal
plant defensins (11).
AMPsmake attractive candidates for therapeutic use for sev-

eral reasons. They kill their target rapidly (compared with con-
ventional antibiotics the development of antimicrobial resist-
ance is unlikely), and they have additional adjuvant effects on
the immune system (21). In this paper we present the structure
and mechanism of action of the new defensin eurocin isolated
from the fungus Eurotium amstelodami.
The gene encoding eurocinwas discovered in a cDNA library

of the ascomycete E. amstelodami (US2006/0223751). The
cDNA clone encoded a putative defensin-like peptide that was
named eurocin. The gene encodes 90 amino acids (signal pep-
tide (amino acids (aa) 1–20), propeptide (aa 21–48), and defen-
sin peptide (aa 49–90)). The mature peptide consists of 42
amino acids (Fig. 1) and has a molecular mass of 4.3 kDa. Euro-
cin has a high content (�10%) of both glycine (24%) and cys-
teine (14%) residues. The peptide encloses six cysteine residues,
allowing for the formation of three disulfide bonds. This indi-
cates that eurocin belongs to the group of antimicrobial pep-
tides with �-sheets stabilized by two or more disulfide bonds.

Bacterial cell wall biosynthesis represents a most relevant
target pathway for antibiotic intervention. Numerous antibi-

otic classes like glycopeptides, e.g. vancomycin (22) and the lan-
tibiotics (23, 24), have been shown to act via the disruption of
this essential biosynthesis pathway through interaction with
the cell wall precursor lipid II. Recently, it was shown that euro-
cin along with other fungal andmetazoan defensins specifically
forms a complexwith the central cell wall precursor lipid II (25).
It was also demonstrated that human �-defensin 3 (26) and
human neutrophil peptide-1 (27) bind lipid II. It was, therefore,
obvious to further investigate the structure and the mode of
action of eurocin.
In the following, we describe the structural characterization

of eurocin by solution-state NMR spectroscopy, its antimicro-
bial effect in vivo and in vitro, and the investigation of its mode
of action by a broad range of experiments.

EXPERIMENTAL PROCEDURES

Materials—Dihexanoylphosphatidylcholine and dioleoyl-
phosphatidylcholine were from Avanti Phospholipids (Alabas-
ter, AL). Deuterium-labeled DPC was purchased from Cam-
bridge Isotope Laboratories. All other chemicals used were
purchased from Sigma.
Peptide Production—The gene encoding eurocin was cloned

in the Aspergillus oryzae proprietary production host as previ-
ously described (20). By a three-step purification procedure, we
were able to recover grams of purified peptide. More specifi-
cally, cells were removed from the fermentation broth by cen-
trifugation at 6000 rpm. The supernatant was filtered (Fast PES
bottle top filters, 0.22 �m; Nalgene 595-4520) and adjusted to
pH 7.0 with NaOH. The peptide was then captured on a single-
step MEP HyperCel capture column connected to an ÄKTA
explorer 100. The column was equilibrated with 50 mM phos-
phate buffer, pH 7.0, and peptides were eluted with 50 mM for-
mic acid, pH 4.0. The fractions containing the peptide was
pooled, and the pH was adjusted to 5.0 with NaOH and loaded
onto an ion exchange column equilibrated and washed with 50
mM malonic acid, pH 5.0. The peptide was eluted with a gradi-
ent of 50 mM malonic acid, 2 M NaCl, pH 5.0, 0–100% for 50
min. Finally, the sample was adjusted to pH 7.0 and loaded onto
a 100-mlMEPHyperCel columnequilibratedwith 50mMphos-
phate, pH 7.0. The column was washed with phosphate buffer
and eluted with 50 mM acetate, pH 4.0. At this point, the purity
exceeded 95%.
Bacterial Strains and Growth Conditions—Staphylococcus

simulans 22 and Staphylococcus carnosus TM 300 were main-
tained on tryptic soy agar and grown at 37 °C.
Micrococcus Luteus—DSM 1790 was used for membrane

preparations and was grown at 30 °C in Tryptone soy broth.
Susceptibility Testing—Determination of minimal inhibitory

concentration (MIC) was performed in 96-well polypropylene
microtiter plates (Nunc brand) by standard broth microdilu-
tion in cation-adjusted Mueller-Hinton broth (Oxoid) accord-
ing to the general guidelines provided by Clinical and Labora-
tory Standards Institute/National Committee for Clinical
Laboratory Standards (M7-A5). A bacterial collection of ATCC
susceptibility reference strains as well as 183 clinical important
strains, mainly Gram-positive bacteria, were tested against
eurocin and appropriate reference antibiotics. The bacteria
tested here cover 15 different genera of aerobic or facultative

FIGURE 1. A, multiple alignment of eurocin, plectasin from P. nigrella (20) (gi:
82407586), and six amino acid sequences of defensins found by a BLASTP on
the amino acid sequence of eurocin are shown. The multiple alignment is
performed with ClustalX Version 2.0 (64) using a BLOSUM matrix with a gap
cost of 10 and a gap extension cost of 0.2. The six defensins are defensin from
southern hawker (gi:118430) (13), amercin from lone star tick (gi:114438982)
(65) (the N terminus is not shown), defensin-1 from American oyster (gi:
118582050) (66), MGD-1 from Mediterranean mussel (gi:12084380) (67),
micasin from M. canis (gi:343481536), and hemocyte defensin Defh2 from
Pacific Oyster (gi:89275885) (47) (the N terminus is not shown). -, gaps; *, fully
conserved amino acid; :, conserved region and �, semi-conserved region.
B, shown is a neighbor-joint tree based upon sequence alignment of eurocin.
The tree was constructed in MEGA Version 5.05 (68) with 1000 bootstrap
replications. The percentage of bootstrap appearance is indicated at the
branches.
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anaerobic strains of human clinical origin including Staphylo-
coccus aureus, Streptococcus pneumoniae, and Enterococcus
faecalis. 15 Gram-negative strains were tested representing
Enterobacteriaceae as well as Aeromonas hydrophila, Pseu-
domonas aeruginosa, Stenotrophomonas maltophilia, Burk-
holderia cepacia, andMoraxella catarrhalis.
InVivo Efficacy—The in vivo anti-infective activity of eurocin

was evaluated in a mouse model of systemic bacteremia perito-
neal infection. The peritonitis model was performed with a
S. pneumoniae strain serotypes 2 (D39) ATCC33400 where a
106 cfu inoculum was introduced into the peritoneum. The
effect of treatment was evaluated as a reduction in peritoneal
bacterial counts where inoculated mice were treated 1 h later
with either eurocin (10 mg/kg, intravenously) or vancomycin
(70 mg per kg, subcutaneously) as compared with untreated
control mice, and peritoneal bacterial counts were performed
at 0, 2, and 5 h after treatment (20).
To evaluate the effective dose (ED50) 38 NMRI mice were

infected intraperitoneally with 106 cfu of S. pneumoniae D39.
1 h post-inoculation themicewere treated (intravenously) once
with 1 of 8 doses (0.06–14 mg/kg). Four hours later, bacterial
counts were obtained fromboth blood and peritoneal fluid, and
ED50 values were calculated analyzing a sigmoid dose-response
with variable slope.
NMR Structure Determination—Eurocin samples for struc-

ture determination by NMR contained 1.68mM eurocin and 95
mM formic acid in 95%MilliQH2O, 5%D2O (v/v). The samples
had a pH of 4.5.
All NMR experiments were carried out using a BRUKER

DRX600 spectrometer operating at a field strength of 14.1 tesla
with a 5-mm triple-axis gradient TXI(H/C/N) probe. TopSpin
v. 1.3 was used for recording and processingNMRdata. Spectra
were referenced relative to internal 4,4-dimethyl-4-silapen-
tane-1-sulfonic acid. All experiments were performed at 298.1
K unless indicated otherwise. Spectra recorded were double
quantum filtered-COSY, [1H,1H]-clean-TOCSY (28) with 80
ms spin-lock of 15 kHz andWATERGATE (29) water suppres-
sion, and [1H,1H]-NOESY with a 75-ms mixing time and
WATERGATE water suppression. In addition, natural abun-
dance [1H,15N]-HSQC without water saturation (30) and
[13C,1H]-HSQC spectra for the aliphatic and the aromatic
region were obtained. Assignment of the NMR resonances was
performed by the “sequential walk”method (31). Interpretation
and assignment were carried out using the program CARA
1.5.5 (32). Backbone torsion angle restraints were obtained
from secondary chemical shifts using the program TALOS�
(33). TALOS�-derived angle constraints were only accepted
for residues, where all the 10 best database hits were situated
within the same region of the Ramachandran plot. A deviation
from the TALOS�-derived value of �30° was allowed. The
CALIBA (34) subroutine in CYANAwas used to convert cross-
peak intensities fromNOESY spectra into distance constraints.
The CYANA subroutine FOUND (35) was used to add angle
restraints. On the basis of this, input the structure was calcu-
lated using the torsion angle dynamics program CYANA 2.1
(36). Structure calculations were started from 100 conformers
with random torsion angle values. The 20 conformers with the
lowest final CYANA target function values were energy-mini-

mized with YASARA (37) through two steps. First, in vacuo
with the NOVA force field (37) and then, second, with water as
explicit solvent using the particle mesh Ewald method (38) and
the YASARA force field (39). No further refinement was per-
formed. The structures were checked by PROCHECK_NMR
(40).
Structures were initially calculated without any assumptions

on disulfide bridge topology. Disulfide bridge topology was
derived from the calculated structures, and distance constraints
defining the disulfide bridge topology were added for another
round of structure calculations.
Secondary Structure and Thermal Stability—CDwavelength

scans were performed on a 45 �M eurocin solution at pH values
from 2.0 to 12.0 in steps of 1 pH unit. The buffers used were
phosphate (pH 2, 3, 7, 8, and 12), acetate (pH 4 and 5),MES (pH
6), glycine (pH 9 and 10), CAPS (pH 11); all buffers were 50mM

in concentration. Spectra were recorded from 250 to 200 nm at
298.1 K on a Jasco J-810 spectropolarimeter with a Jasco PTC-
423S temperature control unit and using Spectra Manager v.
1.53.01 software. At each pH value, thermal scans were
recorded at a wavelength of 215 nm. The scans were measured
from 298.1 to 378.1 K with a data pitch of 0.2 K and a temper-
ature slope of 60 K h �1. The melting temperature was calcu-
lated by fitting data to Equation 1,

S �
��N � �N � T� � ��D � �D � T� � e���HTm�1 �

T

Tm
���RT

1 � e���HTm�1 �
T

Tm
���kT

(Eq. 1)

where S is the molar ellipticity (deg cm2 dmol�1), �HTm is the
temperature-dependent enthalpy change (J mol�1), T is the
temperature (K), Tm refers to the melting temperature (K), and
R is the ideal gas constant 8.3144 (Jmol�1K�1). The parameters
�N, �N, �D, and �D refer to the values (�) and temperature
dependence (�) of the ellipticity in the native (N) and denatured
(D) states, respectively.
A CD thermal scan at pH 4.5 was repeated in the presence of

1 and 20 mM DTT to assess the importance of the disulfide
bridges on the structural stability. For this scan, the wavelength
of 220 nm was monitored.
Interaction with Lipid andDetergents—CDwavelength scans

were repeated in the presence of 0, 1, 2, 4, 8, 16, or 64 mM DPC
and 0, 2, 6, 10, 20, 41, or 100 mM dihexanoylphosphatidylcho-
line. CD thermal scans were repeated as described above in the
presence of 32 mM DPC between pH 2.0 and 12.0 in steps of 1
pH unit.
NMR -[1H,1H]-clean-TOCSY with a 20-ms spin-lock of 15

kHz and WATERGATE water suppression were recorded at
310.1 K on samples containing 0.84 mM eurocin, 95 mM formic
acid, to whichDPCwas added to concentrations of 0.33, 0.66, 1,
2, 3, 4, 6, 8, 10, 12, 14, 16, 20, 22, and 50mM. TheNMR chemical
shift changes of H� and HN atoms of eurocin upon titration
with DPC are given as an absolute change in chemical shift,
��abs, calculated by Equation 2

��abs � ����H��2 � ���HN�2 (Eq. 2)

Chemical shift changes of eurocin were used to calculate the
concentration of free and DPC-bound eurocin, respectively. A
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Langmuir isotherm (Equation 3) was then used to model the
binding of eurocin to the DPC micelle (41).

e
�G0

RT � K�1 �
�E	free��DPC	 � N�E	bound�

N�E	bound
(Eq. 3)

where [E]free and [E]bound are the concentrations of free and
bound peptide, respectively,N is the number of DPCmolecules
interacting per molecule eurocin, K is the affinity constant of
eurocin for DPC, and �G0 is the Gibb’s free energy of the
interaction.
Fluorescence measurements were conducted on an Eclipse

fluorimeter (Cary-Varian, Palo Alto, CA). Fluorescence emis-
sion was scanned from 310 to 400 nm with an excitation wave-
length of 295 nm to monitor tryptophan fluorescence of euro-
cin at pH 6 in the absence and presence of 50 mM DPC.
Intracellular Accumulation of the Final Soluble Cell Wall

Precursor UDP-N-acetyl-muramyl Pentapeptide—Analysis of
the cytoplasmic peptidoglycan nucleotide precursor pool was
examined using themethod of Kohlrausch andHöltje (42) with
slightmodifications. S. simulans 22 was grown inMueller-Hin-
ton broth to an A600 of 0.5 and supplemented with 130 pg/ml
chloramphenicol. After 15 min of incubation, vancomycin and
eurocin were added at 10
MIC (5�g/ml and 3�g/ml, respec-
tively) and incubated for another 30 min. Subsequently, cells
were rapidly cooled on ice and spun down (15,000 
 g, 5 min,
4 °C), resuspended in cold water, and under stirring, extracted
with boiling water. Cell debris was removed (48,000 
 g, 30
min), and the supernatantwas lyophilized.UDP-linked cell wall
precursors were analyzed by reversed-phase HPLC, and the
identities were confirmed by mass spectrometry.
Potassium Release from Whole Cells—Cells of S. carnosus

TM300 were harvested at an A600 of 1.0–1.5, washed with cold
choline buffer (300 mM choline chloride, 30 mM MES, 20 mM

Tris, pH 6.5) and resuspended to an A600 of 30. The concen-
trated cell suspension was kept on ice and used within 30 min.
For each measurement the cells were diluted in choline buffer
supplemented with 10mM glucose (25 °C) to anA600 of about 3.
Peptide-induced leakage was monitored relative to the total
amount of potassium release after the addition of 1 �M lantibi-
otic nisin (positive control) over 300 s using a potassium-sensi-
tive electrode. Eurocin was added at 1, 3, and 10 
 MIC (cor-
responding to 0.069, 0.21, and 0.69 �M, respectively). The
fungal defensin plectasin (10 
 MIC (2 �M)) was used as the
negative control.
In Vitro Peptidoglycan Synthesis with Isolated Membranes—

In vitro lipid II synthesis was performed using membranes of
M. luteus as previously described (43). Briefly, synthesis was per-
formed in a total volumeof 50�l containing 150–200�g ofmem-
braneprotein,5nmolofundecaprenylphosphate (C55-P), 50nmol
of UDP-MurNAc-pentapeptide, 50 nmol of UDP-GlcNAc in 60
mM Tris-HCl, 5 mM MgCl2, pH 8, and 0.5% (w/v) Triton X-100.
For quantitative analysis, [14C]UDP-GlcNAc (0.25 nmol) was
added to the reactionmixture. After incubation for 1 h at 30 °C,
lipid II synthesized was extracted from the reaction mixture
and separated by TLC.
Bactoprenol-containing products were extracted with buta-

nol-pyridine acetate (2:1; v/v; pH 4.2) and analyzed by thin layer

chromatography (TLC; silica plates, 60F254, Merck). Radiola-
beled spots were visualized by iodine vapor, excised, and
counted. Eurocin was added to the reaction mixture in molar
ratios as indicated referring to the total amount of C55-P. For
purification of milligram quantities of lipid II, the analytical
procedure was scaled up by a factor of 500 and purified as
described (43). Radiolabeled lipid II was synthesized using
[14C]UDP-GlcNAc as substrate.
In Vitro PBP2 Catalyzed Transglycosylation Using Purified

Enzyme and Substrates—Cloning, expression, and purification
of recombinant PBP2-His6 was performed as described (25).
Enzymatic activity of PBP2 was determined by incubating 2.5
nmol of [14C]lipid II in 100mMMES, 10mMMgCl2, pH 5.5, and
0.1% Triton X-100 in a total volume of 50 �l. The reaction was
initiated by the addition of 7.5 �g of PBP2-His6 and incubated
for 1.5–2 h at 30 °C. Eurocin was added in molar ratios with
respect to the lipid II substrate. Analysis of lipid II polymeriza-
tion catalyzed by PBP2 was carried out by applying reaction
mixtures directly ontoTLCplates developed in solvent B (buta-
nol-acetic acid-water-pyridine; 15:3:12:10, v/v/v/v) and subse-
quent quantification of residual radiolabeled free lipid II using
phosphorimaging.
Complex Formation of Eurocin with Lipid II as Analyzed by

TLC—Purified [14C]lipid II (2.5 nmol) was incubated in 10 mM

Tris/HCl, pH 7.5, in the presence of increasing eurocin concen-
trations (eurocin-lipid II molar ratios ranging from 0.25 to 1:1)
in a total volume of 30 �l. After incubation for 30 min at 30 °C,
the mixture was analyzed by TLC using solvent B (butanol-
acetic acid-water-pyridine; 15:3:12:10, v/v/v/v). Analysis was
carried out by phosphorimaging (STORM).
Preparation of Liposomes—Small unilamellar vesicles con-

taining calcein were prepared using stock solutions of dioleoyl-
phosphatidylcholine that were first dissolved in methanol and
dried in a desiccator for 5 h. Lipids were then resuspended by
vortexing in an aqueous buffer-free solution of 70 mM calcein
(sodium salt) to a final concentration of 10 g/liter (�14 mM).
The suspension was exposed to at least 7 cycles of freezing in
liquid nitrogen followed by thawing in a 50 °Cwater bath before
extrusion through a 200-nm pore filter 12 times using a 10-ml
thermo barrel extruder (Northern Lipids, Vancouver, Canada).
The lipid solutions were run on a PD10 column pre-equili-
brated with a 50mMNaCl solution. Eluent fractions were gath-
ered and tested by fluorescence measurements with and with-
out the addition of Triton X-100 to test for calcein release.
Those with the highest signal-to-background ratio were
selected for further use. All extruded vesicles were used the
same day they were made.
Calcein Release Assay Measured by Fluorescence—All meas-

urementswere conducted on an Eclipse fluorimeter (Cary-Var-
ian). Tomonitor the release of free calcein from the vesicles and
the concomitant rise in fluorescence, the solution was excited
at 490 nm,measuring emission at 515 nmwith intervals of 0.1 s
using a slit width of 2.5 nm for both monochromators. The
vesicles were diluted in the respective buffers to a concentra-
tion of �0.005 g/liter or 5 �M. A 10-mm quartz cuvette with
magnetic stirringwas used, and the vesicle solutionwas allowed
to equilibrate for a minute before starting to record fluores-
cence. During the recording, protein was injected after 1 min
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(defined as time t � 0), and the fluorescence was followed until
it reached a plateau. Spectra were normalized with regard to
maximum fluorescence, i.e. the fluorescence level achieved
when 1% of Triton X-100 was added using Equation 4,

Dye leakage (%) � 100 	
�F � F0�

�Ft � F0�
(Eq. 4)

where F is the fluorescence intensity achieved by the peptides,
and F0 and Ft are fluorescence intensities without the peptides
and with Triton X-100, respectively.

RESULTS

Antimicrobial Activity—MIC was tested for 183 bacterial
strains, the majority being Gram-positive human pathogens of
species Staphylococcus and Streptococcus. The more suscepti-
ble species were Streptococcus pneumonia, Streptococcus pyo-
genes, and Streptococcus agalactiae; they showedMIC values of
0.06–1�g/ml. A larger variationwas seen among other species;
MIC for Staphylococcus ssp. were found to be in the range of
0.5–128 �g/ml and for Enterococcus, 0.25–128 �g/ml. As an
example, the MIC for the susceptibility reference strains of
important human Gram-positive pathogen bacteria were:
S. aureus (ATCC29213), 16 �g/ml; Staphylococcus epidermidis
(ATCC12228), 16 �g/ml; Enterococcus faecium (ATCC49624),
16 �g/ml; E. faecalis (ATCC29212), 2 �g/ml; S. pneumonia
(ATCC49619), 0.25 �g/ml.
No Activity Was Seen among the Gram-negative Bacteria

Tested Here (MIC � 32 �g/ml)—Fig. 2A depicts the MIC90

against a wide range of clinically relevant isolates of Strepto-
cocci. Antimicrobial activities indicated that eurocin is active at
low concentrations under complex ionic conditions as applied
in the National Committee for Clinical Laboratory Standards/
Clinical and Laboratory Standards Institute MIC microbroth
dilution assay.
In Vivo Efficacy—When 10mg/kg eurocin was administered,

the concentration of viable S. pneumoniae in the peritoneum of
mice dropped by approximately 3 orders of magnitude after 2 h
(Fig. 2B). This was comparable to the effect of vancomycin
when administered at 70 mg/kg. This reduction is paralleled by
a similar reduction in the blood (data not shown). In the
untreated controls, the concentration of viable pneumococci in
the peritoneum increased �10-fold during 5 h (data not
shown).
Eurocin is effective at low dosage concentrations against an

intraperitoneal infection with S. pneumoniae D39. Four hours
after administration, the bacterial counts from both blood and
peritoneal fluid showed an effect at concentrations of �0.5
mg/kg. The effective dose 50 (ED50) was 2 mg/kg (Fig. 2C).

At the same time, eurocin was found non-cytotoxic up to a
concentration of 1024 �g/ml (hemolytic effect of 0.5–4%; data
not shown). Mammalian in vitro toxicity was examined using
both L929 mouse fibroblasts and freshly prepared human
erythrocytes. Bothmethods showed low cytotoxicity of eurocin
even at the highest concentrations tested (1 mg/ml, data not
shown).
Eurocin NMR Solution Structure—All 1H NMR resonances

were assigned except for Gly-1 HN, Phe-2 H
, Trp-31 H�3, H
3,

H�2, andH
2, and Leu-33 HN. In addition to that, natural abun-
dance HSQC spectra allowed the unambiguous assignment of
�50% of 13C and 15N resonances, respectively. The chemical
shift assignments have been deposited in the BioMagResBank
(accession number 18463).
The three-dimensional structure of eurocin was solved. Sup-

plemental Table S1 contains the classification of NOEs, the

FIGURE 2. In vitro and in vivo antimicrobial activity of eurocin. A, distribu-
tion of MIC values of eurocin (*), penicillin (�), and vancomycin (ƒ) against 57
isolates of Streptococcus. B, shown is antibacterial action of eurocin (F) and
vancomycin (‚) against S. pneumoniae in a mouse sepsis model. The y axis
shows the number of cfu/ml in the peritoneal fluid of infected mice. Values
observed from the negative control experiment (vehicle alone) are shown by
filled squares (f). C, shown is a dose-response curve of eurocin and its action
against S. pneumoniae in a mouse sepsis model. The number of cfu/ml is
given for blood (�) and peritoneal fluid (»).
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number of angle constraints used, and criteria for quality
assessment of the structure (CYANA target function, root
mean square deviation, and number of violations). Eurocin
consists of a moderately flexible N terminus followed by an
�-helix (�1, residues A8-L18). After a turn, a � strand (�1, res-
idues Thr-23–Cys-27) followed by a flexible loop (residues Ala-
28–Thr-37), leads to another �-strand (�2, residue Cys-38–
Ser-41) forming an antiparallel �-sheet. The structure is
illustrated in Fig. 3. The structure of eurocin is thus highly
homologous to other fungal and invertebrate defensin struc-
tures published. The three-dimensional structure of eurocin
has been deposited to the Protein Data Bank, accession code
2LT8.
Of the three proline residues, the peptide bond fromCys-4 to

Pro-5 could be assigned a cis conformation based on the chem-
ical shifts of C� and C (36), and Pro-30 could be assigned a

trans conformation, whereas the chemical shifts did not allow
any prediction of the conformation of Pro-36.
The presence of the helix �1 is supported by a row of

d�N(i,i�3) NOEs, some d��(i,i�3) and sequential dNN(i,i�1). The
�-sheet topology is supported by interstrand NOEs. The rela-
tive orientation of the �-sheet on one side and the N-terminal
residues plus the �-helix on the other side with respect to each
other is defined by a number of long range NOEs.
The structure calculated without any assumptions regarding

disulfide bridge topology only allowed one possible combina-
tion of cysteines to disulfide bridges: 4–27, 11–38, and 15–40.
Among others, an NOE between Cys-15 H�2 and Cys-40 H�

and an NOE between Pro-5 H� and Cys-27 H�2 was observed.
This is also in agreement with the disulfide bridge topology of
homologous peptides.
Thermal Stability—Fig. 4 shows the pH stability profile of

eurocin. Eurocin has the lowest denaturation temperature tm of
56.5 � 1.1 °C at pH 7. In the acidic range, tm increased steadily
under more acidic conditions with the highest tm of 71.7 �
0.9 °C at pH 2. With increasingly alkaline pH values, tm
increased, reaching a maximum tm of 70 � 2 °C between pH 10
and 11. At pH 12, tm dropped again. The addition of 1mMDTT
caused the melting temperature at pH 4.5 to drop by 3.3 °C in
the presence of 20 mM DTT tm dropped by 8 °C (data not
shown). However, the protein unfolded in a cooperative fash-
ion, indicating that intact disulfide bonds are not essential for
the protein ability to fold into a stable structure.
Interaction with Lipids andDetergents—TheCD spectrumof

eurocin does not change upon interaction with either DPC or
dihexanoylphosphatidylcholine (data not shown). However,
NMR data reveal a specific interaction between DPC and euro-
cin above the critical micelle concentration of DPC. Fig. 5A
shows ��abs as calculated by Equation 2 plotted versus the
sequence of eurocin. The amino acids in the flexible loop
between�1 and�2 aswell as some adjacent amino acids in theN
terminus are affected by the presence ofDPC,whereas there are
only very small changes in chemical shift throughout the
remaining part of the protein. The changes occur only at con-
centrations of DPC above its critical micelle concentration (1.1
mM (44)), not below. Based on the data and our structure, the
SAMPLEX program (45) suggests residues 6 and 31–35 as the
core interaction site, which matches the most perturbed resi-

FIGURE 3. Structural features of eurocin. A, shown is a schematic of the
structure with the lowest final force field energy; the helical region is shown in
red, the �-strand regions are in cyan. N and C denote the N and C termini,
respectively. B, shown is a bundle of 20 conformers after energy refinement;
the helical region is shown in red, the �-sheet region is in cyan, and disulfide
bridges are in yellow. C, shown is a schematic drawing of the structure of the
conformer with the lowest force field energy showing the acidic (Glu, Asp)
side chains in red, the basic (Lys, Arg) side chains in blue, and weakly polar and
apolar (Ala, Val, Ile, Leu, Pro, Phe, Tyr, and Trp) side chains in gray. D is the same
as C but turned 180° around the vertical axis as indicated. E and F, shown is a
comparison of micelle binding site in eurocin (panel E) and plectasin (PDB ID
1ZFU, panel F). The residues changing chemical shifts upon interaction with a
DPC micelle are shown as stick models in blue, whereas the remaining residues
are only shown with the same colors as in B. The structure models shown here
are those with the lowest force-field energy. The figures were produced with
YASARA (37).

FIGURE 4. Thermal stability profile of eurocin at different pH values in the
absence (E, solid line) and presence (F, dashed line) of DPC (32 mM) as
measured by CD. Bars indicate the error from data fitted to Equation 1. The
lines solely serve as a guide to the eye.
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dues except for Trp-31, where no data could be obtained. How-
ever, fluorescence data clearly indicate that Trp-31 changes
from a hydrophilic to a hydrophobic environment upon DPC
binding (Fig. 5B). DPC titration data can be fitted to a Langmuir
isotherm yielding an affinity constant of 5268 � 1388, which
corresponds to a �G0 of �21.2 � 0.8 kJ mol�1, and n � 11.1 �
1.1 (Fig. 5C).
Based on the clear evidence for interactions between eurocin

and DPC, we investigated whether DPC affected the thermal
stability of eurocin. Fig. 4 shows the tm values for eurocin in the
presence of 0 and 32 mM DPC. Interestingly, binding to DPC

micelles strongly increased the thermal stability in the acidic
pH range, whereas thermal stability in the alkaline pH range is
not significantly affected. The stability minimum shifts by �1
pH unit toward the alkaline region.
Fluorescence Measurements of Peptide-induced Vesicle

Disruption—Toobservewhether the interaction between euro-
cin and lipid vesicles can lead to pore formation or membrane
disruption, we prepared zwitterionic (100% dioleoylphosphati-
dylcholine) calcein-loaded lipid vesicles and followed the cal-
cein release as a function of eurocin concentration.
Typical calcein release data after the addition of eurocin to

lipid vesicles can be seen in Fig. 6. In all cases, the final amount
of calcein released is well below 100% (as defined by the amount
of calcein released by addition of TritonX-100), suggesting that
the calcein leakage is due to neither pore formation nor total
vesicle disruption. In support of this statement, we could not
observe any peptide-induced disruption of the vesicle mem-
brane integrity by scanning laser confocalmicroscopy (data not
shown).
Effect of Eurocin on Whole Cells—The reported binding of

eurocin to lipid II suggests a mode of action of eurocin through
interference with peptidoglycan biosynthesis. To investigate
this in further detail, we first determined the cytoplasmic levels
of UDP-muramic acid-pentapeptide (Fig. 7). Antibiotics such
as vancomycin, which interfere with the late stages of pepti-
doglycan synthesis, trigger an accumulation of this ultimate
soluble peptidoglycan precursor in the cytoplasm.
Treatment of S. simulans 22 with eurocin (10
 MIC) led to

significant accumulation of the soluble cell wall precursor
UDP-MurNAc-pentapeptide, similar to the extent of accumu-
lation seen with vancomycin-treated controls (Fig. 7). HPLC
analysis and subsequent mass spectrometry confirmed the
identity ofUDP-MurNAc-pentapeptide (m/z 1148.3). The con-
tinuous biosynthesis of UDP-MurNAc-pentapeptide and sub-
sequent accumulation in the cytoplasm of treated cells further

FIGURE 5. Eurocin binding to DPC micelles. A, shown is accumulated chem-
ical shift changes of H� and HN atoms of eurocin as calculated by Equation 2
upon the addition of 50 mM DPC. For Pro-30, only the H� chemical shift
change is shown. No data could be obtained from Pro-5 (H� obscured by
H2O), Trp-31 (cross-peak invisible in spectra at 50 mM DPC), and Pro-36 (H�

vanishes at DPC � 20 mM). B, shown is a fluorescence emission scan (excita-
tion at 295 nm) of eurocin at pH 6 in the absence (dashed line) and presence
(solid line) of DPC. a.u., absorbance units. C, shown is a binding isotherm of
eurocin to DPC micelles. The dashed line shows the fitted model, whereas
circles show individual data points. The inset shows the same data, only
zoomed closer to the origin.

FIGURE 6. Eurocin-induced fluorescence release from dioleoylphosphati-
dylcholine vesicles. Fluorescence intensity on the y axis is normalized to the
fluorescence release obtained with Triton X-100, defined as 100. The eurocin
concentrations shown correspond to 30, 62, 125, and 250 
 MIC for S. simu-
lans 22. a.u., absorbance units.
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suggests that eurocin does not impair or depolarize the cyto-
plasmic membrane, as the precursor was retained in the cyto-
plasm and did not leak from treated cells.
Membrane damage or pore formation should further result

in a release of potassium from whole cells; however, release of
potassiumwas not observed after the addition of eurocin at 1, 3,
and 10 
 MIC (corresponding to 0.069, 0.21, and 0.69 �M,
respectively), compared with the pore forming lantibiotic nisin
(data not shown), which rules out pore formation as mecha-
nism of action.
Impact of Eurocin on in Vitro Cell Wall Biosynthesis—Cell

wall peptidoglycan is synthesized (46) starting from UDP-acti-
vatedN-acetylmuramic acid-pentapeptide, which is linked to a
membrane carrier, bactoprenolphosphate (C55-P) by the glyco-
syltransferase MraY, yielding lipid I. Lipid I is further glycosy-
lated by MurG-catalyzed addition of an N-acetylglucosamine
moiety to form the cell wall building block lipid II that is trans-
located across the cytoplasmic membrane to be assembled into
the growing peptidoglycan network, this step being catalyzed
by enzymes collectively designated as PBPs. In staphylococci,
lipid II is further modified by FemXAB-catalyzed addition of a
pentaglycine chain to the pentapeptide (43), where the product
is translocated to the outside of the cell to form the peptidogly-
can layer, releasing the C55-P molecule again.

Membrane preparations of M. luteus catalyze the mem-
brane-associated synthesis (MraY andMurG) of lipid II in vitro
in the presence of defined amounts of the soluble precursors
UDP-MurNAc-pentapeptide andUDP-GlcNAc and of the bac-
toprenol carrier C55-P. The addition of increasing concentra-
tions of eurocin to this test system resulted in an inhibition of
the overall lipid II synthesis, as observed by TLC (Fig. 8). In the
positive control, where no inhibitor was present, the complete
conversion of C55-P to lipid II was achieved (Fig. 8A, lane 1).
Quantitative analysis using radiolabeled precursors showed
that increasing concentrations of eurocin led to enhanced inhi-
bition of the lipid II synthesis, and an almost complete inhibi-
tion was achieved at equimolar concentrations of antibiotic to
lipid carrier (Fig. 9A).

To further characterize the inhibitory nature of eurocin, we
tested its impact on the individual PBP2-catalyzed transglyco-
sylation/transpeptidation reaction, which occurs at the extra-
cytoplasmic site of the membrane and, therefore, is the likely
target reaction of eurocin. Reconstitution of the PBP2-cata-
lyzed lipid II polymerization in vitro and subsequent TLC anal-
ysis and quantification of residual [14C]lipid II revealed that
eurocin completely inhibited lipid II conversion at equimolar
ratio of eurocin to lipid II, suggesting a 1:1 complex of peptide:
lipid II (rather than inhibition of the enzyme). Binding stoichi-
ometry of eurocin and lipid II was further validated by incubat-
ing purified [14C]lipid II together with eurocin in variousmolar
ratios. Subsequent TLC was used to analyze the migration
behavior (Fig. 9B). Free lipid IImigrated to a defined position on
the chromatogram (lane 1), whereas free eurocin was not
detectable. However, in complex with eurocin, lipid II
remained close to the starting point (lanes 3–5), as observed
with the positive control nisin (lane 2). As has been observed in
the cell-free assays, only at an equimolar ratio, no free lipid II

FIGURE 7. Intracellular accumulation of the soluble cell wall precursor
UDP-MurNAc-pentapeptide in vancomycin-treated (dotted line) and
eurocin-treated (dashed line) cells of S. simulans 22. Cells were treated for
30 min with peptides at 10
 MIC. Treated cells were extracted with boiling
water, and the intracellular nucleotide pool was analyzed by reversed-phase
HPLC. Untreated cells of S. simulans 22 were used as control (solid line).

FIGURE 8. Overall lipid II synthesis using M. luteus membranes. The ana-
lytical assay was performed in a total volume of 50 �l containing 200 �g of
membrane protein, 5 nmol of C55-P, 50 nmol of UDP-N-acetylmuramic acid
pentapeptide, 50 nmol UDP-N-acetylglucosamine in 60 mM Tris-HCl, 5 mM

MgCl2, pH 8, 0.5% (w/v) Triton X-100. Eurocin was added to the reaction mix-
ture in molar ratios as indicated referring to the total amount of 5 nmol C55-P.
After incubation of 1 h at 30 °C lipid II, synthesized was extracted from the
reaction mixture and separated by TLC. A, TLC of the reaction mixture at
different molar ratios of C55-P and eurocin is shown. B, amount synthesized
lipid II at different C55-P:eurocin ratios, normalized to the amount obtained in
the absence of eurocin is shown.
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was detectable, substantiating the formation of a 1:1 stoichio-
metric eurocin-lipid II complex.

DISCUSSION

Structure—The three-dimensional structure of eurocin can
be classified as a cysteine-stabilized �� fold. This class of pro-
teins comprises several defensins from insects, invertebrates,
and fungi, like insect defensin A (13), lucifensin (19), Mediter-
ranean mussel defensin MGD-1 (18), oyster defensin from
Crassostrea gigas (47), micasin from the dermatophytic fungus
Microsporum canis (48), and plectasin from the saprophytic
fungus Pseudoplectania nigrella (20). The members of the cys-
teine-stabilized �� family show the common feature of being
toxic to cells; however, they achieve this toxicity through differ-
ent functions. Scorpion toxins have been found to inhibit potas-
sium channels (49, 50). Micasin was suggested to act intracel-
lularly through interference with protein folding (48). Plant
-thionins are a group of peptides with a variety of antibacterial
and antifungal activities (51). In some cases the mode of action
is known, e.g. Cp-thionin inhibiting proteases (52) and -hor-
dothionin inhibiting �-amylase (53). Apart from plectasin and

micasin, eurocin is the only fungal defensinwith a known three-
dimensional structure. Mammalian defensins belong to a dif-
ferent structural family (54, 55), e.g.human�-defensin-2,which
consists of a helical segment and a three-stranded �-sheet (54).
LikeMGD-1, eurocin also exhibits a cis-proline at position 4.

Because cis-prolines rarely succeed cysteine residues (56), there
must be a special reason for this peculiar geometry. Both the
cysteine and the proline residue are conserved, the disulfide-
forming cysteine even to 100% (see Fig. 1) in the sequences
described so far, further corroborating the essential role of the
proline residue at this position in the sequence. The only excep-
tion is plectasin, where two extra amino acids are inserted
between the cysteine and the proline andwhere proline is in the
trans-conformation. The remaining two proline residues of
eurocin, Pro-30 and Pro-36, which are not conserved in homol-
ogous proteins, show a trans-conformation. Given their loca-
tion on both termini of the flexible loop connecting the two
�-strands, they probably act as secondary structure breakers.

A striking feature of the structure is the absence of a hydro-
phobic core. Fig. 3 shows the location of the hydrophobic resi-
dues of eurocin. They are scattered around the surface with a
concentration of three hydrophobic residues in a row in the
flexible loop, whichwas seen to interact withDPCmicelles. Fig.
3 shows the location of charged residues and demonstrates that
salt bridges are not involved in keeping the tertiary structure of
the protein intact. Neither could any H-bonds be found
between residues in the helix and residues in the �-sheet. The
fold seems to be kept intact solely by the three disulfide bridges.
This is corroborated by the marked decrease of the denatur-
ation temperature, tm, in the presence of DTT.
Interaction withMicelles and Vesicles—Themajority of anti-

microbial peptides have been found to interact withmembrane
lipids or lipidmimics like detergents. Eurocin is no exception in
that it was found to interact with DPCmicelles in a well defined
way. The interaction site was found around the three hydro-
phobic residues Trp-31, Tyr-32, and Leu-33 in the flexible loop
and to aminor extent in the neighboring N-terminal loop (Gly-
6). The resonances of Trp-31, Tyr-32, and Leu-33 were consid-
erably weaker than other resonances in the absence of DPC,
possibly as a consequence of increased molecular mobility.
After binding to DPCmicelles, the resonances became approx-
imately as strong as other residues. This hints at a reduced
mobility of the loop after interaction with the micelle. NMR
signals of the DPC bound form of eurocin were generally
broader and weaker than the signals of the free form, as can be
expected due to slowermolecular tumbling. No high resolution
structure of the DPC-bound formwas calculated. However, the
limited changes occurring in the NOESY spectra of the bound
form clearly demonstrate that no overall change in structure
took place as a consequence of interaction with the micelles.
This no doubt reflects rigidity in the structure imparted by the
three disulfide bonds.
The data suggest a binding of eurocin to the surface of the

micelle. However, the peptide does not seem to penetrate the
micelle deeply. This makes pure membrane disruption a very
unlikelymechanismof action for eurocin. This was further sub-
stantiated by the data obtained on real phospholipids by vesicle
disruption experiments; although the eurocin concentrations

FIGURE 9. A, impact of eurocin on the PBP2 catalyzed transglycosylation of
lipid II. Enzymatic activity of PBP2 was determined by incubating 2. 5 nmol of
[14C]lipid II in 100 mM MES, 10 mM MgCl2, pH 5.5, and 0.1% Triton X-100 in a
total volume of 50 �l. The reaction was initiated by the addition of 7.5 �g of
PBP2-His6 and incubated for 2 h at 30 °C. Analysis of the lipid II conversion
catalyzed by PBP2 was carried out by applying reaction mixtures directly onto
TLC plates that were then developed in butanol-acetic acid-water-pyridine
(15:3:12:10, v/v/v/v). B, complex formation of eurocin with lipid II was ana-
lyzed by TLC. [14C]Lipid II was incubated in the presence of increasing eurocin
concentrations (eurocin-lipid II molar ratios ranging from 0.25–1:1). After
incubation, the mixture was analyzed by TLC. Nisin was used as a positive
control.
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tested were above a protein-to-lipid ratio of 5 and between 30
and 240 
 MIC, we could not observe complete release of ves-
icle contents in contrast to the high efficiency reported for anti-
microbial peptides such as Ac-RRWWRF-NH2 (57), Hnp-2
(58), gramicidin A, gramicidin S, amphotericin (59), and melit-
tin (60) that are proposed to work by either barrel-stave, torroi-
dal pore, or carpet mechanism. The synthetic antimicrobial
peptide novispirin (61, 62) effects full release of calcein from 5
�M lipid at 0.2 �M peptide, which is around 2 orders of magni-
tude more efficient than that of eurocin (63). Thus eurocin is
clearly a very inefficient membrane permeabilizer, and mem-
brane permeabilization is not the primary mode of its action. It
is, however, worth noting that eurocin binds to lipid aggregates
even if there is no lipid II, its natural ligand, present.
It is interesting to compare the DPC binding sites on the

surfaces of eurocin and plectasin: Fig. 3, E and F, show the two
peptides with their respective binding sites. DPC binding
occurs at the same end of the peptidemolecule, where there are
two loops, one connecting the N terminus with helix 1 and the
other connecting the two�-strands. In plectasin, both loops are
approximately equally long, the N-terminal loop being slightly
longer. In eurocin, the N-terminal loop is much shorter than
the loop connecting the two�-strands. Looking at the sequence
alignment (Fig. 1) in the loop regions, it can be seen that the
extended N-terminal loop is a unique feature of plectasin (res-
idues Asn-5–Trp-8 inserted), whereas the loop connecting the
two �-strands seems to be extended by three amino acids (Gly-
34–Pro-36) in eurocin compared with other invertebrate
defensins. The free energy of binding of eurocin to DPC
micelles was found to be �21.2 � 0.8 kJ/mol. This is weaker
than the �27 � 1 kJ/mol found for plectasin. This probably
reflects the smaller buried solvent-accessible surface area of
1040Å2 for eurocin (calculated as the solvent accessible surface
area of residuesGly-6, Trp-31, Tyr-32, Leu-33,Gly-34, andHis-
35) comparedwith 1145Å2 for plectasin (residuesGly-6, Trp-8,
Asp-9, Ala-31, Lys-32, Gly-33, Gly-34, Phe-35, Val-36, and
Cys-37).
Antimicrobial Effect—Like plectasin, eurocin has a much

stronger effect on Gram-positive bacteria than on Gram-nega-
tive bacteria. This is contrasted by micasin, which shows good
antimicrobial activity against the Gram-negative P. aeruginosa
and Agrobacterium tumefaciens. This difference is a further
indication that eurocin and plectasin on the one hand and
micasin on the other hand have differentmechanisms of action.
Eurocin is shown here to efficiently combat a range of Gram-
positive infections both in vitro and in vivo.
Mechanism of Action—The experimental results obtained on

the impact of eurocin on cell wall synthesis allows a clear pic-
ture of the eurocin mode of action. Using a combination of in
vivo and in vitro test systemswe found that the defensin eurocin
selectively inhibits peptidoglycan biosynthesis through com-
plex formation with the cell wall precursor lipid II. Sequestra-
tion of the central cell wall precursor lipid II prevents the incor-
poration in the growing peptidoglycan network and the
formation of a vital cell wall, as revealed by inhibition of the
PBP-catalyzed polymerization of lipid II in vitro. In this system
eurocin was found to almost completely inhibit the lipid II con-
suming reaction at equimolar ratio (peptide:lipid), strongly

suggesting complex formation rather than inhibition of the
enzyme PBP2. The TLC experiment further confirmed the for-
mation of a specific eurocin-lipid II complex observed in the
cell-free assays. This is essentially the same mechanism, like
that of the fungal defensin plectasin (25). Our observation that
eurocin binds to and is stabilized by phospholipid-like micelles
and interacts with phospholipid vesicles demonstrates eurocin
affinity for phospholipids. This affinity helps prepositioning the
peptide at the cell surface where its ligand lipid II occurs.
In line with the accumulation of the ultimate soluble cell wall

precursor UDP-MurNAc-pentapeptide in the cytoplasm upon
treatment with eurocin, we could not observe eurocin-induced
potassium release from whole cells, indicating that eurocin
does not impair membrane integrity or induce the formation of
pores in the cytoplasmic membrane.
Conclusion—Eurocin is a fungal defensin with a cysteine-sta-

bilized �� fold as seen for other defensins. Eurocin binds to
lipid aggregates, but its primary mode of action is not the for-
mation of pores in cell membranes.
In vivo and in vitro analysis of the eurocin mechanism of

action revealed that the peptide inhibits peptidoglycan biosyn-
thesis of Gram-positive bacteria without comprising mem-
brane integrity. Antimicrobial assays carried out both in vivo
and in vitro showed that eurocin is a fast and effective antibiotic
against Streptococci even at low concentrations, whereas it does
not show good activity against Gram-negative pathogens.
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28. Griesinger, C., Otting, G., Wüthrich, K., and Ernst, R. R. (1988) Clean
TOCSY for 1H spin system identification in macromolecules. J. Am.
Chem. Soc. 110, 7870–7872

29. Piotto, M., Saudek, V., and Sklenár, V. (1992) Gradient-tailored excitation
for single-quantum NMR spectroscopy of aqueous solutions. J. Biomol.
NMR 2, 661–665

30. Mori, S., Abeygunawardana, C., Johnson, M. O., and van Zijl, P. C. (1995)
Improved sensitivity of HSQC spectra of exchanging protons at short
interscan delays using a new fast HSQC (FHSQC) detection scheme that
avoids water saturation. J. Magn. Reson. B 108, 94–98
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